Background-We sought to incorporate electron beam tomography-derived calcium scores in a model for prediction of angiographically significant coronary artery disease (CAD). Such a model could greatly facilitate clinical triage in symptomatic patients with no known CAD. Methods and Results-We examined 1851 patients with suspected CAD who underwent coronary angiography for clinical
C oronary artery calcification (CAC) scores derived from electron beam tomography (EBT) are predictive of subsequent cardiac events in both symptomatic 1, 2 and asymptomatic populations. [3] [4] [5] As opposed to other noninvasive modalities to diagnose coronary artery disease (CAD) focusing on physiological consequences of obstruction, EBT coronary calcium represents an anatomic measure of plaque burden. 6 Studies comparing pathological and EBT findings have demonstrated that the degree of luminal narrowing is weakly correlated with the amount of calcification on a site-by-site basis, 7 whereas total calcium score is more closely associated with the presence and severity of maximum angiographic stenosis. 8 -10 These studies have a substantial degree of verification bias as a consequence of the preferential referral of positive test responders to angiography and of negative test responders away from angiography. 8 We sought to overcome these difficulties and thereby construct and validate a clinically relevant model to predict the likelihood of angiographically significant CAD based on the magnitude and distribution of calcification within each region of the coronary circulation. The rationale for this study was to create a new model based on a much larger data set than previous models, with certain design criteria. The a priori criteria for the design of this model were that it be (1) continuous, (2) adjusted for age and sex, (3) corrected for the effects of verification bias, (4) independently validated, and (5) capable of being integrated with additional diagnostic information.
Methods

Participating Centers
The EBT and angiographic studies were conducted at Harbor-UCLA Medical Center, Torrance, Calif; EBT Research Foundation, Nashville, Tenn; and Saint Francis Hospital, Roslyn, New York, and approved by the respective Institutional Review Boards. Investigators recorded patient information using a case-report form that included biographical data including age, sex, dates, and results of EBT and angiographic studies. The data were forwarded to the coordinating and data elaboration center at Cedars-Sinai Medical Center in Los Angeles, Calif.
Patient Population
The patient population consisted of 1851 patients (1169 men, 682 women; mean age, 58Ϯ11 years; range, 21 to 86) undergoing coronary angiography for clinical indications. Nonconsecutive patients were enrolled from January 1996 to September 1999. After signing informed consent, EBT scanning was performed to assess presence and estimate extent of CAC. EBT was performed within 2 weeks of angiography in 92% of patients. Exclusion criteria included EBT scans performed Ͼ3 months from the angiogram and patients who had previous coronary interventional procedures or known CAD. The vast majority (Ͼ90%) of patients underwent angiography before EBT (81%) or were already scheduled to undergo angiography before EBT (10%). No patient was included in the previous multicenter publication. 8 To adjust for verification bias, we evaluated 4103 asymptomatic persons referred for CAC assessment to measure cardiovascular risk. Persons were asymptomatic, with no history of cardiovascular disease.
Angiographic Protocol
All patients underwent coronary angiography and were referred on the basis of the primary physician's concern for presence of myocardial ischemia. Positive noninvasive stress testing, abnormal echocardiograms, and clinical history were all used for referring patients for cardiac catheterization. The angiograms were analyzed by an experienced reader at each institution, blinded to the results of the EBT coronary scan. Each epicardial coronary vessel was assessed, and the visual estimation of the percent luminal stenosis of each lesion was reported as previously described. 8 Angiographic abnormalities were considered significant if Ն50% luminal diameter stenosis was found in any vessel.
Electron Beam Tomography
The EBT studies were performed with an Imatron C-150 XL ultrafast CT scanner in the high-resolution volume mode, with a 100-ms exposure time. ECG triggering was used, corresponding to 80% of the R-R interval for standardized calcium scoring. 11 Thirty to 40 consecutive, noncontrast images were obtained at 3-mm intervals to include the entire coronary tree. Total radiation exposure with the use of this technique was 0.6 Rad per patient, significantly less than multislice spiral CT (estimated between 2.8 to 10 Rad 12,13 ) or conventional angiography(4 to 8 Rad 14 ).
The scans were scored by means of the algorithm developed by Agatston et al 11 by a cardiologist blinded to the clinical, ECG, and angiographic information.
Multivariate Logistic Prediction Model
The baseline data set of 1851 patients was divided into two samples by a random number generator. The training sample of 932 patients was used for generation of 4 different logistic prediction models. The pretest model (1) was based on age, age squared, and sex. The test model (2) was based on the square root of each vessel-specific EBT score (left main, left anterior descending, left circumflex, and right coronary artery). The combined model (3) was based on sex, the 4 vessel-specific calcium scores, and 2 age-dependent interaction terms: age times square root of the total calcium score (when total calcium score Ͼ0) or age alone (when total calcium scoreϭ0). The adjusted model (4) used the same variables as the combined model but was corrected for verification bias 15, 16 by use of the Harbor-UCLA data on the total population of 4982 patients referred for testing (879 referred for angiographic verification and 4103 who were not). The resultant prediction model was used to estimate the posterior or post-test probability of angiographically significant CAD in each of these 932 patients from which the model was derived (training sample) as well as in the independent 919 patients (validation sample).
Statistical Analysis
All values are reported as meanϮSD. Categorical data were analyzed by means of 2 analysis and Fisher's exact test. A 2 goodness-of-fit statistic was used to assess the calibration of each model relative to the line of identity (the agreement between observed and expected prevalence of disease in each decile of predicted probability; a 2 of zero indicating perfect calibration). A receiver operating characteristic (ROC) curve was created from each model to determine its discrimination (the ability to distinguish between those with and those without disease; a value of 0.5 indicating chance discrimination and a value of 1 indicating perfect discrimination). 15 Statistical comparisons among the four models were made by computing the ratio of the 2 statistics, which were then tested with of an F test for the appropriate degrees of freedom (1, the number of nonzero deciles) in the numerator and denominator. All tests of significance were 2-tailed, and significance was defined at the Յ0.05 level.
Results
Electron Beam Tomography
Of the 1851 symptomatic patients, 1466 (79%) had a total calcium score Ͼ0. Total calcium scores ranged from 1 to 6649. The mean and median scores were 380 and 116, and 25th and 75th percentiles were 3 and 456, respectively. Overall sensitivity was 96%, and specificity was 40% for any CAC to predict obstructive angiographic disease. With calcium scores Ͼ20, Ͼ80, and Ͼ100, the sensitivity to predict stenosis decreased from 90% to 79% and 76%, respectively; the specificity increased from 58% to 72% and 75%, respectively.
The mean square root of the score in men was significantly higher than that in women (23.8Ϯ67.5 versus 13.3Ϯ51.3, PϽ0.0001), and each sex demonstrated significant increases in scores with age. We found no significant differences of sensitivity for obstructive disease (men, 97%; women, 96%), although women had significantly higher specificity (men, 36%; women, 47%; PϽ0.001). Participants had, on average, 2.6 cardiovascular risk factors.
Angiography
Of 1851 patients, 983 (53%) had obstructive disease (luminal stenosis Ն50% in 1 or more vessels). In this cohort, mean total calcium score was 608 (range, 0 to 6646). Calcium scores were significantly lower for individuals without obstructive disease (nϭ868; 123; range, 0 to 3761; PϽ0.001).
Multivariate Prediction of the Probability of CAD
The variables incorporated into the model are prospectively defined and summarized in Table 1 . The calibration and discrimination for each of the four prediction models are summarized in Table 2 . Although the pretest model based only on age and sex was well calibrated, especially in the middle range of probability ( Figure 1A) , discrimination was relatively low (ROC areaϭ0.672Ϯ0.019). In contrast, the test model based on the EBT calcium scores ( Figure 1B ) was significantly less well calibrated (F [7, 5] ϭ15.4, Pϭ0.03) but higher in discrimination (ROC areaϭ0.842Ϯ0.020). The combined model, incorporating all the variables, was well calibrated ( Figure 1C ) and provided a significant increase in discrimination over the pretest model ( Figure 2 ) but also exhibited a significant amount of verification bias (the ratio of the angiographic referral rate in those with a calcium score Ͼ0 [628/3157ϭ0.199] divided by the angiographic referral rate in those with a calcium scoreϭ0 [251/1825ϭ0.138] was 1.44). Adjustment for this verification bias did not affect calibration ( Figure 1D ) or discrimination ( Table 2 ) but significantly raised specificity (66%).
Discussion
Coronary risk factors do not allow for discrimination of severity of angiographic CAD 17 or adverse outcomes in individuals but are useful prognostic indicators in large patient populations. Detection of CAC by EBT has been demonstrated to be highly sensitive for the presence of significant CAD. 8 A positive EBT study (presence of CAC) is nearly 100% specific for atheromatous coronary plaque. 6, 7 Recent guidelines support the use of EBT in symptomatic persons, stating that EBT is "sufficiently accurate for predicting the presence of angiographic stenosis." 18 Previous reports tried to "merge' multiple data sets with different entry criteria and different definitions of obstruction, demonstrating a very high sensitivity but lower specificity. 18, 19 Because CAC is a continuous variable with increasing calcium scores leading to increasing specificity, there is much greater information content than use as a dichotomous variable.
The EBT-derived predictors of angiographic and multivessel disease can be useful as marker of underlying coronary atherosclerotic plaque burden, thus having a continuous association with atherosclerotic disease severity. 10, 20 Calcium scores from EBT correlate with severity of CAD and are useful in predicting angiographic 3-vessel and/or left main disease. 20 This study documents the clinical applicability of EBT-derived calcium scores for the noninvasive diagnosis of CAD in two broad areas: for diagnosis, by the correlation of posterior probability with angiographic prevalence; and for evaluation, by the relation of posterior probability to the anatomic severity of disease. As in other studies, the addition of EBT scores added independent and incremental information to predict obstructive CAD over age and sex (Figure 2) , dramatically altering the post-test probability of disease across a wide range of patients ( Table 3 ).
The identification of symptomatic patients with severe angiographic disease is becoming increasingly important. 21 Our results demonstrate that in symptomatic patients, EBT in conjunction with a clinically derived pretest probability can noninvasively predict angiographic disease, with post-test probabilities for vessel-specific disease and multivessel disease. Not accounting for the increasing incidence of CAD with increasing age leads to a loss of information. By adding to the model an additional interaction term defined as (Total Scoreϭ0) · Age, the absence of calcification is weighted relatively more heavily in the model (proportional to age), whereas the overall calibration of the model remains essentially unchanged. For example, a 55-year-old man with a pretest probability of 53% (mean of our study population) and no calcification (calcium scoreϭ0) has a post-test probability of 9.9%. This is consistent with the raw negative predictive accuracy of 90% in this population: 315 of 350 patients with no CAC have normal coronary arteries. Similarly, the same man with a score of 380 (mean for the population studied) has a post-test probability of 87%. A variety of post-test probabilities are displayed in Table 3 . Those patients who exhibited the greatest change from pretest to post-test probability were those patients with pretest probability ranging from 20% to 70%. This is consistent with many other cardiovascular tests, including exercise treadmill and thallium testing. Posterior probability also served as a predictor of the extent of angiographic disease, because the prevalence of multivessel disease increased as a monotonic curvilinear function of probability to a high of 92% ( Figure 1C ). A graphical comparison of the pretest model with the combined model is illustrated in Figure 2 . The comparison is statistically significant (PϽ0.0001), indicating that EBT adds an increment of diagnostic information to age and sex. The resultant prediction model estimated the posterior probability of significant CAD in each of these 932 patients (training sample) and the 919 patients (validation sample). This approach ensures the capability of integrating additional vari-ables or adjusting for differences in baseline prevalence of disease. 22 The ROC curves for test and adjusted models were essentially identical to that for the combined model.
The estimates of sensitivity and specificity are biased, however, because information regarding the ability of EBT to predict obstructive CAD was obtained from symptomatic patients who had CAD status verified with coronary angiography. As a result of this verification bias, sensitivity will be overestimated (positive EBT results are overrepresented) and specificity will be underestimated (negative EBT results are underrepresented). Bielak et al 23 adjusted for verification bias, raising the specificity of EBT (for obstructive CAD) over the unadjusted specificity in the angiography group (72% versus 39%), with little change in the sensitivity (97% versus 99%). The verification bias in our study was 1.44, significantly greater than a value of 1 (no verification bias, PϽ0.0001) but lower than the value by Bielak et al. 23 The patient enrollment in our study was mostly after the angiogram, so there is a higher likelihood that verification bias was reduced. Correction of the verification bias ( Figure 1D ) significantly raised the expected specificity for obstructive CAD (40% versus 66%, PϽ0.001), without significant change in sensitivity (96% versus 95%).
A large angiographic and EBT study (nϭ1764) recently reported similar findings, with a higher sensitivity and lower specificity, 24 in part due to higher pretest probabilities of disease. When evaluated for scores Ͼ100, the two studies demonstrated nearly identical sensitivities and specificities for CAD as well as remarkably similar ROC values. Haberl et al 24 demonstrated a sensitivity of 99% in men and 100% in women for detecting obstructive CAD, indicating that this test is an effective filter before angiography.
EBT greatly enhances the clinician's ability to predict angiographic disease, both prevalence and severity, and can be of aid in determining the next test or treatment. These observations should "travel" well from laboratory to laboratory despite local differences in population, as EBT is standardized, quantitative, 8, 11 and operator independent. 11 These data will not be applicable to CAC scores obtained with multislice or spiral CT. Because this model is highly dependent on the absence of calcification (scoreϭ0), results of spiral CT should not be used. Calcium scores obtained with spiral CT are significantly different than EBT, with a lower sensitivity for calcification. 25, 26 
Study Limitations
Continuous variables of cardiac risk factors, such as serum lipoprotein levels, were not available for analysis. The results of this study are applicable to persons with suspected CAD, not the general asymptomatic population.
We excluded severity of stress testing abnormality, since this must be used to estimate pretest probability. Similarly, the nature of chest pain would be used by the physician to derive a pretest probability of obstruction. A highly positive stress thallium examination in a patient with typical angina would greatly raise the pretest probability, not alter the age, sex, or EBT results, which could then be used to generate a post-test probability.
Clinical Relevance of the Study Design
We sought to determine the accuracy of EBT scanning in an environment that mirrored the realities of clinical practice. We gathered data from different geographic locales. The interpretation of each test, from risk factors to the angiogram, implied a variable amount of subjectivity and probable bias. This mirrors clinical reality, and is, in one sense, desirable. In summary, a practical, readily available program that integrates individual vessel calcium scores from EBT has been successfully used in the diagnosis and evaluation of CAD. EBT calcium scores are not a substitute for coronary angiography but can be used with other clinical and demographic markers to help predict angiographic stenosis severity in patients suspected of having obstructive CAD. As a noninvasive test for CAD, EBT has great appeal because it is fast (Ͻ10 minutes per scan), simple to use (no physiological or pharmacological stress required), and relatively inexpensive (estimated charge Ͻ$400), 12 with negligible interreader and intrareader variability. 12 The model described can assist clinicians to develop a post-test probability that will be useful for establishing a high (75% to 92%) as opposed to a low (Ͻ10%) probability of angiographically significant CAD. It may facilitate individual decision-making concerning the use of coronary catheterization in symptomatic patients. Exclusion of CAC defines a substantial subgroup of patients, albeit symptomatic, with a very low probability of significant stenosis. What differentiates this study is that it is the first to develop (1) a continuous model that is (2) adjusted for age and sex, (3) corrected for verification bias, and (4) independently validated in terms of its incremental diagnostic accuracy.
